Deficiency of NADH-cytochrome b5 reductase is the rare cause of recessive congenital methemoglobinemia (RCM) Type-II. It is associated with the mild cyanosis and mental retardation. We have identified three new patients with RCM type-II due to NADH-cytb5r deficiency due and also offered the prenatal diagnosis. All three index cases had cyanosis with severe progressive neurological dysfunction. Methemoglobin level was found in the range of 34.0% to 65% and red blood cell NADH-cytb5r activity were detected only 5 to 30% of normal. The clinical pictures were very similar in all three cases, with severe encephalopathy, microcephaly, generalized dystonia, movement disorders and severe cyanosis. The neurological prognoses are poor; in particular, all the patients do not walk or speak. DNA sequencing result identified two novel mutations. In the first case identified homozygous 2-bp deletion in exon 7 of the CYB5R3 gene, noted as c.604_605delCT (p.Thr202SerfsX98) and in the second case also discovered frame shift homozygous 3-bp deletion mutations (c.766_768delGAG) in exon 9 result in loss of Glutamic acid at codon 256. Third cases showed splice site homozygous mutation (p.Gly76Ser) first time associated with RCM II. Prenatal diagnosis of the fetus in this family revealed same homozygous mutation p.Gly76Ser.
Introduction
Recessive Congenital methemoglobinemia (RCM) is an autosomal recessive metabolic disorder due to NADH-cytochrome b5 reductase (NADH-cyb5r) deficiency. NADH-cyb5r deficiency also known as NADH-methemoglobin reductase or Diaphorase-1, is a flavin adenine dinucleotide (FAD) containing enzyme catalyzing electron transfer from NADH to cytochrome b5 [1] [2] [3] . In human, NADH-cyb5r enzyme produces two www.jmscr.igmpublication.org Impact Factor (SJIF): 6.379 Index Copernicus Value: 71.58 ISSN (e)-2347-176x ISSN (p) 2455-0450 DOI: https://dx.doi.org/10.18535/jmscr/v6i6.105 JMSCR Vol||06||Issue||06||Page 626-636||June 2018 protein variants. A soluble form is present predominantly in erythrocytes and a membranebound form is localized to the endoplasmic reticulum (ER), mitochondria, nuclei, peroxisomes and plasma membranes of somatic cells. The soluble erythrocytic cytb5r isoenzyme is involved in methemoglobin reduction, while the membrane-bound isoform of NADH-cyb5r is localized to the endoplasmic reticulum and outer mitochondrial membrane whereas soluble form is found in erythrocytes [4] [5] . Two clinical types of RCM (type I and II) have been defined. Type I RCM is a benign hereditary form of methemoglobinemia in which cyanosis is the only clinical sign, in which; cyanosis is due to the chocolate-brown colour of blood caused by the chronically high erythrocytic methemoglobin level. Cyanosis may be very difficult to detect in this setting, however. The complexion is described as pale or greyish-blue. Cyanosis will be only seen on the mucosae and nails in darkskinned patients, and this may explain the apparent lack in Indian patients. The cyanosis is enhanced during stressful events such as birth and infection and may remain unnoticed for years. Yet, cyanosis is the most helpful diagnostic sign for RCM [6] . Cyanosis is mainly corrected by administration of methylene blue, or ascorbic acid and riboflavin [7] . In contrast, the less frequent type II methemoglobinemia is associated with generalized NADH-cyb5r deficiency affecting all cells and is characterized by severe cyanosis with neurologic disability and numerous developmental defects, the affected child usually dies at an early age but an oldest reported case of type II are seen survived up to 20 years. In type II RCM, permanent moderate to severe cyanosis is associated with neurological manifestations, including mental retardation, microcephaly, and generalized dystonia and movement disorders. Type II RCM was subsequently shown to be characterized by a profound enzyme deficiency in all tissues, involving both the soluble and membrane-bound NADH-cyb5r isoforms [8] [9] [10] .
NADH-cyb5r activity is controlled by CYB5R3 gene, which is localized on chromosome 22q13qter (Gene ID: 1727) and contains nine exons [11] . To date, more than 60 mutations have been identified in the CYB5R3 gene causing type I (35 mutations) and II RCM (35 mutations) [12] . The genotype-phenotype relationship is extensively discussed in recent papers [13] [14] . Disruptive mutations, such as splicing, stop codon or frameshift mutation are greatly affecting the catalytic activity of the enzyme, resulting in a global loss of both the membrane-bound and soluble forms, and are associated with the severe Type-II disease [9, 15] . Some mutations have been identified in both Types-I and Type-II RCM suggests that the clinical manifestations in compound heterozygotes are determined by the combination of cytb5r enzymatic activities of the two variants. Mutations causing enzyme instability lead to type I RCM, whereas mutations that inactivate the enzyme are associated with type II RCM (Table-1 ) [13] . In this study, we performed direct Sanger's sequencing in three families with neurological defects and discovered two novel homozygous mutations and one reported mutation first time found in homozygous form in Indian RCM Type-II patients. These include homozygous 2-base pair (bp) deletion in exon 7 of the CYB5R3 gene, noted as c.604_605delCT (p.Thr202SerfsX98) in the first case and another frame-shift homozygous mutation c.766_768delGAG 3-bp deletion in exon 9 with loss of Glu256 (p.Glu256Del) in the second case, one homozygous mutation p.Gly76Ser in the third case found first time in Indian RCM type II patient and all are having severe global neurologic impairments.
Patients, Material, and Methods Clinical reports Family-A
The proband, 2 years baby is the only child of Family-A born to consanguineous parents. A first pregnancy ended with an abortion at the fourth months. The index case was born at term after uneventful pregnancy and delivery, and her birth weight was 2.25Kg. There was no familial history. The pregnancy and delivery were normal. At birth, her weight and head circumference were −1.5 SD. At age 14 days, she had frequent vomiting and became cyanotic when crying. Since the first days of the life of the baby appeared cyanotic, but respiratory and cardiac functions were normal. During the first months of life, feeding difficulties, failure to thrive, psychomotor development delay and particularly a persistent slate-gray cyanosis suggested the presence of methemoglobinemia. Therapy with ascorbate did not improve her neurological conditions; when we first observed her, at 1 year of age, she had a severe spastic and dystonic quadriparesis with hyperkinetic involuntary movements, severe microcephaly, and very simple and primitive reactions to environmental changes. After a few months, generalized tonic seizures and myoclonic jerks ensued, which were not responsive to the common antiepileptic drugs. The electroencephalographic examination showed a slow and irregular basal activity with extremely frequent and periodic paroxysmal burst spike-wave complexes during sleep. A computed-tomography scan revealed diffuse brain atrophy. The patient is now 2 years old and referred to NIIH for a complete investigation of methemoglobinemia and severe global neurologic impairments.
Family-B
The second proband is a 10-year-old Muslim boy born full-term at home to a 26-year-old mother who was married to close cousin. There was no familial history. The pregnancy and delivery were normal. At birth, his weight and head circumference were −1.5 SD. Diffuse cyanosis was noted at birth, and he was hospitalized for 10 days. He had permanent mild cyanosis, which was more prominent on the labial mucosa and nails and worsened when he cried. Severe growth retardation and global neurologic impairments were noted in infancy. Patient has never been able to roll over, sit independently, crawl, or walk. Physical examination is notable for no facial dysmorphism, body odors, or skin findings except cyanosis and a diffuse eczematous, excoriated rash. The sensation is grossly intact to touch and pain throughout all limbs whereas no family members have sign and symptoms of neurologic problems. Hematological parameters were tested many times where complete blood count with differential was always normal, including hemoglobin of 13 g/dL. Hemoglobin electrophoresis was normal with 98% Hb-A and 2% Hb-A 2 . Methemoglobin was also measured and noted always in the elevated range; ascorbic acid therapy started and resulted in a slight decrease of methemoglobinemia, with no effect on neurological symptoms. Karyotype analysis of peripheral blood revealed 46, XY without any chromosomal abnormalities. Brain magnetic resonance imaging (MRI) demonstrated no focal abnormalities with diffuse atrophy and decreased white matter. The patient was on ascorbic acid therapy with 500 mg of oral ascorbic acid per day. With this history, the proband was referred to our unit for further workup for methemoglobinemia.
Family-C
This patient is a three-year-old Indian Muslim girl born to consanguineous parents with unremarkable birth history. She presented with recurrent afebrile convulsion since 4-month-old and electroencephalogram (EEG) revealed abnormal left temporal spike waves. No structural abnormality was identified by computed tomography (CT) of the brain. Piracetam, gabapentin and amino acid supplements were given to the patient but they all failed to control the seizure. The patient was admitted at 6-monthold for further management. She was observed a complaint of inability to hold neck. Her head circumference was 47 cm (97th percentile), body weight was 7.1 kg (2nd-10th percentile) and body height was 61 cm (b3rd percentile). At the age of 1 year, she was investigated for global growth and developmental delay. Laboratory investigations for complete blood count, liver and renal function tests, and blood random glucose, ammonia and uric acid levels were all unremarkable whereas hemoglobin was 19.9g/dl and methemoglobin level was detected 47.5 %. Some of the blood parameters including blood gas analysis revealed pH-7.43, pCO2-22.9mmHg, pO2-91.7 mmHg, cHCO3 15.0mmol/L. with this past investigation, patient was referred to NIIH for details study.
Ethical approval and consent
The study has been carried out in accordance with the research rules of our institutional ethical committee on human experimentation. This study has been approved by the National Institute of Immunohematology Ethical committee and as per protocol, written informed consents were obtained from all the patients or their parents.
Blood sample
Informed consent was obtained from their parents. Peripheral blood was collected and leukocytes were separated using the Histopaque density gradient method (Sigma-Aldrich, Inc. St.Louis MO, USA). Genomic DNA was isolated from peripheral blood leukocytes by phenol/chloroform extraction according to standards protocols also genomic DNA (gDNA) was isolated using Qiagen DNA extraction kit according to the manufacturer's instructions.
Methemoglobin estimation and NADH-Cyb5R Enzyme assay
Complete blood counts were measured by automated hematology analyzer XN (Sysmex, Kobe, Japan). The methemoglobin level was measured using potassium ferricyanide method immediately after blood collection and NADHcytochrome b5 reductase (NADH:cyb5r) activity was measured following oxidation of NADH at 340nm on an Analytic JENA Spectrophotometer for 10 minutes at 30 °C (Analytical JENA, Germany) [16] . Reactions were monitored at 1minute intervals for 10 min. and a rate was determined from the linear portion of the curve, rates were calculated using a linear regression model. Each reaction contained hemolysate, 2 mM potassium ferricyanide (K 3 Fe(CN) 6 ), 1 mM Tris-HCl pH 8.0, 0.5 mM EDTA and 0.2 mM NADH [17] .
Polymerase chain reaction (PCR) and Sanger sequencing
Extracted genomic DNA from each sample was subjected to PCR, amplified flanking of all 9 exons using a set of primers. Amplified PCR products were gel purified and directly sequenced in both directions. All [12] . Nucleotide sequences of the 9 exons were obtained from the Gen Bank database accession numbers M28705 to M28713), and the following primers were designed: EX1F: 5'-gcgacagagcgagcgcggcg-3',; EX1R: 5'-gtcacctcccgcaggccaac-3',; EX1SF: 5'cattctgagccaggcctcctgg-3',; EX1SR: 5_-ctgttctaaccgggaggaagtg-3',; EX2F: 5'-ctttctggatgagggtggtg-3',; EX2R: 5'-gaggcagtgagtgtggttca-3'; EX3F: 5'-gttctggccthe accttgtttgt-3',; EX3R: 5'ccttcccactctcattccaa-3',; EX4F: 5'-caggccaggctttgaatg-3'; EX4R: 5'-cccttctttggcttttgttg-3'; EX5F: 5'-gtacacgaggctggtggttt-3'; EX5R: 5'-agctggcctgacgagagtc-3'; EX67F: 5'-cctctacctcggacctcaca-3'; EX67R: 5'-gtcatccccagaatctcagc-3'; EX8F: 5'gagtcccctcctgaaagctc-3'; EX8R: 5'-gaaaggactctgcctctgga-3'; EX9F: 5'-gggatcagcctctccattct-3'; EX9R: 5'ggcaggacgtactctgaagg-3';
Results and Discussion
All the three index patients are concerns with the cyanosis with a severe neurologic disability. These cases were referred to our Institution for routine measurements of methemoglobin level and red blood cell enzyme activities because NADH cytochrome b5 reductase deficiency was known to segregate in the RCM type II. The hematological, biochemical, and molecular data of three families are summarized in Table- 1. The methemoglobin level ranges from 34.0 to 65.0% and NADH-Cyb5R enzymatic activity was found to be between 8.4 to 9.0 IU gm/Hb (Normal range-35+5 IU/gm Hb ) and both parents and some other family members have intermediate activity (Intermediate-range-18.5 to 25.6 IU/gm Hb). There were total 20 members in these three families were detected as a carrier for NADH-Cyb5R deficiency associated with three index cases based on intermediate enzyme activity and heterozygous mutation (Figure-1) . In our study, all the patients were diagnosed after cyanosis was prominent. Failure to detect cyanosis may delay the diagnosis. For example, first two patients were diagnosed at age 2 years when cyanosis became obvious because of a pulmonary infection. The clinical pictures were very similar in all three cases, with severe encephalopathy, microcephaly, generalized dystonia, movement disorders and mild cyanosis usually reported in RCM type II cases 16 . The neurological prognoses are poor; in particular, all the patients do not walk or speak. The diagnosis was confirmed by very low cytb5r activity in the red blood cells. DNA sequencing result identified a novel homozygous 2-bp deletion in exon 7 of the CYB5R3 gene, noted as c.604_605delCT (p.Thr202SerfsX98) in the first case and frameshift homozygous 3-bp deletion mutations c.766_768delGAG in exon 9 with loss of Glutamic acid at codon 256 (p.Glu256Del) in the second case and also third cases showed splice site homozygous mutation (p.Gly76Ser) first time associated with RCM II [17] (Figure-2) . In order to distinguish between type, I and II RCM, level of NADH-cytb5r activity were correlated with the clinical presentation as all are having severe global neurologic impairments [13] . In benign type I RCM, the activity of the soluble form of NADH-cytb5r is decreased only in erythrocytes but in type II RCM, cytb5r activity is strongly diminished in both cell types, confirming the generalized cytb5r deficiency diagnosed type II RCM in our patients with cyanosis and severe psychomotor retardation [18] . All these patients, elevated methemoglobinemia were associated with 5 to 30% of normal cytb5r activity in erythrocytes, while activity was not measured in leucocytes. The two mutations identified in the CYB5R3 gene p.Thr202SerfsX98 and p.Glu256Del has been found first time in type II Indian RCM patients in the homozygous state and also p.Gly76Ser in the homozygous state first time causing RCM II which was earlier reported in the compound heterozygous state with p.val253Met by Percy et al [16] . There are only six cases of recessive congenital methemoglobinemia (RCM) type II reported from India in the last 10 years. Their genotype-phenotype relationships were discussed in our earlier paper. Out of these six cases, the molecular characterization was done in four cases where nonsense mutations and splicesite mutations were detected [12] [13] . To date, 35 different mutations have been identified in type II RCM. Mostly they lead to altered splicing, disruption of the active site of the enzyme or premature truncation of the protein (Table- 2) [11] . The enzyme is thus inactive in both it's soluble and membrane-bound forms in all cell types. The two novel mutations described here are in keeping with this pattern. In our patient 1 and 2, the novel homozygous p.Thr202SerfsX98 and p.Glu256Del deletion in the exon 6 and 9 alters the consensus sequence of the frameshift and causes in-frame exon 6 and 9 skipping respectively. The frameshift after exon 6 and exon 9 suggests severe consequences at the protein level. The soluble form of the enzyme, translated from the ATG start site within exon 6 and exon 9, should be here completely absent, while the function of the membrane-bound form of the enzyme lacking the amino acids after pThr202 in exon 6 and p.Glu256 in exon 9 is probably seriously affected. Indeed, at birth this patient had marked generalized persistent cyanosis with a methemoglobin level of 53%; no enzyme activity was detected in erythrocytes at age 1 year. In our study, case-3 is from western Maharashtra had a homozygous the p.Gly76Ser mutation, which was previously reported in combination with p.Leu131Pro, and p.Val253Met led to a severe type II RCM phenotype [17] . This provides an additional example of mutations in the CYB5R3 gene that homozygous the Gly76Ser mutation itself will be associated with type II RCM. The resulting RCM phenotype is determined by the combination of the double allelic mutations and the final enzyme conformation. The resulting general deficiency in NADH-cyb5r activity is in keeping with the observed type II RCM phenotype. It is also reported that the p.Gly76Ser variant had only 51% of the catalytic efficiency of the wild-type enzyme whereas the p.Gly76Ser mutation, in combination with Leu131Pro, led to a severe type II RCM phenotype. The nature of the mutations can also be important for the RCM phenotype as in our cases, the absence of functional protein may, therefore, account for the severe RCM Type-II clinical pattern observed in homozygous patients [3] .
In occasion of the second pregnancy in a family of case-3, prenatal diagnosis was offered to this family with p.Gly76Ser homozygous mutation and history of consanguinity and due to the 25% recurrence risk of recessive congenital methemoglobinemia type II. Prenatal Diagnosis was performed via CVS for the diagnosis of RCM-II. Genomic DNA was prepared from CVS sample taken by ultrasound-mediated chorionic villus at 12 weeks gestation. Molecular analysis confirmed homozygosity for p.Gly76Ser mutation in the CVS sample, therefore in these circumstances, treating doctor recommend immediate termination of pregnancy. So in this way, we prevented through prenatal diagnosis in affected families, owing to its severity and 25% recurrence rate. Prenatal diagnosis can be based on molecular assay in chorionic villus biopsy, is a test performed during pregnancy to determine if an unborn child is at risk for congenital defects like RCM type-II. Molecular prenatal diagnosis is reliable and can be done at an early stage of pregnancy, but only if the mutation in the CYB5R3 gene has been identified in each family at risk. The molecular prenatal diagnosis was successfully performed first time in the Indian family of RCM II which previously reported by Leroux et al., in 2005 and now routinely done in many laboratories [18] .
We reviewed neurological features in the 32 earlier reported cases, in most cases, during the first 2 months of life, 44% of patients had a normal neurological examination. The full clinical phenotype manifested at about 6-9 months of life. Fixed encephalopathy was always present and extremely severe [19] . All the patients, including our 23-year-old patient, had psychomotor skills inferior to those of a 1-year-old child. At best, the patients could sit, grip objects in a dystonic palmar manner, react and smile at familiar faces and utter sounds. None of the patients walked or spoke. All the patients had generalized dystonia and axial hypotonia, sometimes associated with occasional dystonic storms and opisthotonos. Dystonia and movement disorders were mainly visible after age 6 months when axial tone tended to improve. Spontaneous gesticulation was reported as permanent and uncoordinated, with proximo-distal and choreo-athetoid involuntary movements. These latter tend to decrease with aging, as usual in post-anoxic and metabolic movement disorders. Microcephaly was always present and progressive. This feature is nonspecific but reveals severe brain developmental deficiency. Growth retardation is frequent but inconsistent and is worsened by feeding difficulties associated with swallowing disturbances. However, none of the patients needed enteral nutrition, and vomiting gradually disappeared in our eldest patients. Strabismus was reported in 88% of cases. Behavior abnormalities, such as frequent screaming and agitation, were reported in the first years of life. It is difficult to determine whether these are genuine behavioral disturbances or whether they result from movement disorders. Most of the cases also showed severe skeletal deformations such as scoliosis and musculotendinous retractions, likely due to chronic generalized dystonia [13, 20] . The identification of molecular mutations within the CYB5R3 gene can contribute to understanding the clinical phenotype of recessive congenital methemoglobinemia. Missense mutations that reduce enzyme stability without affecting the catalytic function result in RCM type-I symptoms confined to red cells, which cannot replace the degraded protein.
Conversely, disruptive mutations (splicing, nonsense, frameshift) or mutations that markedly reduce catalytic activity, affect all cells expressing NADH-cyb5r enzyme and result in the Type-II disease. Total sixty-seven different mutations of CYB5R3 gene have been so far reported in 58 unrelated patients (31 Type-I and 36 Type-II). All the mutations are located in exons two to nine and the majority are missense. We describe the clinical and molecular features of 3 newly diagnosed patients with recessive congenital methemoglobinemia type II. We found 2 novel mutations and one homozygous mutation first time in Indian families. The molecular prenatal diagnosis was successfully performed for the first time in the Indian family of RCM II. 
Homozygous
Higasa et al 1998 [24] Figure-2: Electropherogram of automated sequencing A) DNA sequence reveals homozygous c.606-607CT two nucleotide deletion in family A, B) c.766-768GAG three base deletion in family B, resulting in frameshift and subsequent chain termination in the Family A, B where as missense homozygous mutation c.226G>A in family C.
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